Halophytes are crucial in the light of increasing soil salinization, yet our understanding of their chemical composition and its relationship to key morphological traits such as succulence or salt excretion is limited. This study targets this issue by exploring the relationship between the elemental composition of 108 plant species from saline environments in Iran and their eco-morphological traits and taxonomy.
Introduction
Soil and water salinization are among the most serious problems resulting from agriculture and land degradation in many countries (Chinnusamy et al., 2005; Hariadi et al., 2011; ZuccaRini, 2008) . It is estimated by the World Food and Agricultural Organization (FAO) that a total area of 1 billion ha of the world's surface is affected by salinity and sodicity (Pennock et al., 2015) . Salinized soils are expanding as a result of irrigation practices, which limit the production of food in an increasingly populated world (Duarte et al., 2015) .
Only a small proportion of known vascular plants have the ability to resist high salinity. They are known as halophytes (Duarte et al., 2015) , and defined as plants that have the ability to complete their life cycle in salt concentrations of at least 200 mM NaCl (Alhdad et al., 2013; Colmer and Flowers, 2008; Flowers et al., 1986; Naidoo, 1994; Parida and Das, 2005) . Contrastingly glycophytes (non-halophytes) are defined as species that cannot survive in a saline environment (Duarte et al., 2015) . The crucial impact of saline soils on plant physiology is the high osmotic pressure, which disturbs net photosynthesis because of the induction of physiological drought, stomatal closure and decreased available turgor for plant growth. In addition, excessive salt in plant tissues enhances ion specific toxicity and disturbing cell homeostasis (Flowers et al., 2014; Hassine et al., 2008; Kudo et al., 2010; Wang et al., 2010) . Only c. 1% the world's flora are halophytes (Duarte et al., 2015; Flowers and Colmer, 2008; Flowers et al., 2014) .
Halophytes show different tolerance mechanisms and regulatory pathways and they can be classified into different functional groups accordingly (Milić et al., 2013; Mori et al., 2010) .
Halophytism evolved in multiple lineages of angiosperms as an example of widespread convergence, but it is more prevalent in some lineages, like the order Caryophyllales among dicots and Poales among monocots (Byng et al., 2016) . The family Chenopodiaceae is one of the most successful plant group adapted to high salinity and drought conditions (Chenchouni, 2017; Glenn et al., 2012) . Some of these species not only tolerate high levels of salinity, but display optimal growth under saline conditions (Barakat et al., 2014) . This family includes both salt accumulator and salt secretor species (Matinzadeh et al., 2013; Milić et al., 2013; White et al., 2017) .
Adaptation to saline soils is the result of several modifications of biophysical, physiological, morphological, and biochemical traits of plants (Wu et al., 2009 ). Depending on their affinity for saline soils, plants growing in saline environments have been classified as eu-halophytes, facultative-halophytes, eury-hygro-halophytes and pseudo-halophytes (Breckle, 1990) . Eu-halophytes exclusively growth on high saline soils, similar to seawater salt concentration (Flowers and Colmer, 2015) . Facultative-halophytes are plants that grow both in saline and non-saline conditions by having broader physiological plasticity and including halophytic and glycophytic ecotypes (Parida and Das, 2005) . Eury-hygro-halophytes can grow in muddy and subaquatic saline, brackish to fresh water conditions. Most species of this group are monocots (Ogburn and Edwards, 2010) . Finally, pseudo-halophytes are non-halophytes or glycophytes which usually occur in saline ecosystems only during favorable seasons and sites where salt concentrations are low. These plants may also show certain mechanisms to avoid salt excess when growing in saline soils, like leaching out salts, root selectivity against Na and Cl or diversion of salt out of the assimilating tissues (Breckle, 1986) .
Eu-halophytes are highly specialized in their morphology, being either salt-recreting (salt excreting or salt secreting) or succulent plants. Many of these species show salt bladders and/or salt glands, i.e. specialized structures for salt secretion out of the leaves (Lambers et al., 2008) . Salt bladders are vesiculated trichomes found in some halophytes like Atriplex spp., which can remove toxic salts from the cytosol of epidermal cells on both of the leaf surfaces. Salts accumulated in these trichomes are deposited on the leaf surface when trichomes collapse, and subsequently washed off the plants by rain, wind or gravity (Abdelly et al., 2008; Albert, 1975; Lambers et al., 2008; Schirmer and Breckle, 1982) . Salt glands are special appendages within epidermal cell layer that actively secrete salts out of the leaves (Dassanayake and Larkin, 2017a; Duarte et al., 2015; Grattan and Grieve, 1992; Lambers et al., 2008; Zedler et al., 2003; Zoerb et al., 2013) . Eu-halophytes also include some succulent plants, which accumulate high Na and Cl in their photosynthetic tissues by the absorption of extra water in their vacuoles. This reduces the toxicity of salt either in their leaves, assimilating stems, or both (Breckle, 1986; Milić et al., 2013; Mori et al., 2010; Naz et al., 2013; Zedler et al., 2003) . Some plants may have combined strategies, for example some leaf-succulent eu-halophytes have salt trichomes in the early stages of their life cycle (Akhani et al., 2005) .
Salt tolerance depends on the ability of plants to exclude Na and maintain nutritional homeostasis (Kudo et al. 2010) . Halophytes face multiple challenges in saline environments including toxic ion effects, nutrient limitations, and reduced water potential. The relationship between the chemical composition of plants and saline condition is of great importance to understand plant adaptation under high salinity. Low leaf K, Ca, and Mg concentrations along with the accumulation of Na were documented in plants growing in high salinity, and have been recorded for some eu-halophytes including many Chenopodiaceae (Albert and Kinzel, 1973; Albert and Popp, 1977; Gulzar et al., 2003; Kachout et al., 2011; Khan et al., 2000a, b; Kudo et al., 2010; Milić et al., 2013; Wiebe and Walter, 1972; Zoerb et al., 2013) . Several studies have shown that the accumulation of certain elements in the leaves of some species of eu-halophytes is genetically controlled with poor dependency on the condition of their rhizospheres (Albert, 1982; Breckle, 1986; Krüger and Peinemann, 1996; Matinzadeh et al., 2013) .
However, to the best of our knowledge, no previous studies have looked at the chemical composition of a broad group of plants growing under natural saline conditions, and the relationship between the chemical composition of different types of halophytes, their morphological adaptations and plant lineages remains mostly unexplored.
This paper includes a comprehensive study of the leaf elemental composition of 108 plant species growing on saline environments from Iran. Our hypothesis was that the salt-tolerant category and the morphological adaptation of halophytes will be related to their chemical composition and phylogeny. In Khore Musa (Musa estuary): the vegetation of the study site in the tidal coast of the Musa estuary in southern shores of Khuzestan Province consisted of a Salicornia sinus-persica and Suaeda iranshahrii C 3 zone followed by C 4 rich plant community of Bienertia sinuspersici, Suaeda khalijefarsica and S. fruticosa (Akhani, 2015; Akhani and Deil, 2012) . The area has a mean annual precipitation of 196.7 mm and mean temperature of 26 °C (Fig. 1 ) with a Tropical Desertic (Trd) bioclimate (Djamali et al., 2011) .
Nayband Bay is a National Park located near the industrial zone of Asaluyeh on the Persian Gulf coasts. The tidal vegetation is mostly mangrove forests of Avicennia marina followed by Arthrocnemum macrostachyum on the high saline shores and end to coastal dunes and xerophytic dry plains. The main disturbing factors in the area are moderate grazing by cow and goat and use of the coasts for recreation.
The mean annual precipitation is 157.9 mm and the mean annual temperature is 27.2°C (Fig. 1) . The temperature never drops to freezing point, which is typical of a Tropical Xeric (Trx) bioclimate (Djamali et al., 2011) .
Studied species and nomenclature
Study species included 54 annuals (77 samples; Table 2 ) and 54 perennials (69 samples; Table 2 ).
Plants were ascribed to different functional groups (eu-halophytes, facultative-halophytes, eury-hygrohalophytes, and pseudo-halophytes) depending on their salinity and moisture preference; and different eco-morphotypes (leaf-succulent, stem-succulent, semi-succulent, salt-recreting, and non-succulent) (Table 2) (Breckle, 1990) . Only those functional groups with at least two representatives were included in our analyses. In the case of those species collected from more than one site, (Table 2) , average chemical data were calculated across sites prior to statistical analyses.
Nomenclature mostly follows Flora Iranica (Rechinger, 1963 (Rechinger, -2015 . In the case of Chenopodiaceae and several groups which changed in recent years based on new molecular findings, we applied recent generic names Hernández-Ledesma et al., 2015) .
Sampling of plant and soil
Plant and soil samples were collected during 2015 and 2016 from early March to November depending on the sites and phenology of studied plant species: Lake Urmia (May 2015, July 2015, and April 2016), Lake Meyghan (June 2016), Khore Musa (October 2015) and Nayband (March 2016). Most of our collections for chemical analyses have been done in periods of low phenological activity, owing to the lower chemical variation in plants (Bolukbasi et al., 2016) . Leaves and/or photosynthetic shoots of plants were collected from at least 5 individuals for each species and stored in paper bags in cool temperature (using a portable fridge) until transported to the laboratory within the next 48 hours. Owing to the low amount of tissue available, leaf material of each species was pooled into one composite sample per plant species and site. In total, we collected 146 samples belonging to 108 plant species for chemical analyses. Also at least 5 soil samples from 5-15 cm depth were collected in plastic bags from each site.
Chemical analyses
Leaves were dried at 75 °C for 72 h (Minden et al., 2012) and then milled in a ball mill (Retsch Mixer MM400) prior to analyses. Plant samples were then dissolved in HNO 3 -H 2 O 2 (8:2) using Microwave Acid Digestion (speedwave MWS-3 + , BERGHOF, Eningen, Germany). The filtrated extract solution was used for measurement of Al, Ca, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P, S, Si, Ti, V and Zn using inductively coupled plasma-optical emission spectrometry (ICP-OES, Varian ICP 720-ES, analytical services of the Estación Experimental del Zaidín, CSIC, Spain). Total nitrogen and carbon (N and C total ) concentrations were determined in an elemental analyzer (Elementar N/CN; VarioMax, Hanau, Germany) (Table A .1).
Soil samples were air-dried, milled and dissolved in HCl-HNO 3 (9:3) with the same instruments used for plant samples. The extracted solution was used for the determination of Ca, K, Mg, Na, and S content by ICP-OES. Soil pH and conductivity were measured with a pH/conductivity meter (ORION STAR A215) by diluting samples with distilled water to 1:2.5 and 1:5 (g:ml), respectively. The percentage of gypsum content in the soil was determined gravimetrically by comparing the weight of samples sequentially dried at 50 °C and 105 °C (Porta et al., 1986) Table A .2).
Statistical analyses
Statistical analyses were performed at three levels: (i) relationships between 20 leaf nutrients in different salt-tolerance categories and eco-morphotypes, using a constrained multivariate approach and PERMANOVA; (ii) differences between the concentrations of selected nutrients (Ca, K, Mg, Na, and S), relevant for saline environments, among salt-tolerance categories and eco-morphotypes using simple linear models and; (iii) relationships between leaf nutrients and plant families using a constrained multivariate approach. First, differences in the plants elemental composition within salt-tolerance categories and ecomorphotypes were examined with redundancy analyses (RDA). This multivariate technique is an Euclidean-based ordination test using an explanatory matrix (in our case a table with dummy variable representing the 'salt-tolerance categories', i.e. eu-halophytes, facultative-halophytes, eury-hygrohalophytes, and pseudo-halophytes or the 'eco-morphotype', i.e. leaf-succulent, stem-succulent, semisucculent, salt-recreting, and non-succulent) to explain variation in the dependent matrix (in our case the chemical composition of plants). To estimate the significance of different factors combined, namely the type of life history (annual/perennial), taxonomic family, study sites and eco-morphotypes, we run PERMANOVA analyses where the variability in the elemental composition of plants was explained by 'life history', 'salt-tolerance', 'family', 'site' plus the interaction between 'life history' and 'salt tolerance'as fixed factors, or 'life history', 'eco-morphotype', 'family', 'site' plus the interaction between 'life history' and 'eco-morphotype' as fixed factors (Table 3) .
Second, we focused on certain key elements for plants growing on saline environments (they were selected based on permutation tests and we selected common significant elements among four RDA plots on eco-morphotype and salt-tolerance categories in annual and perennial groups), namely Ca, K, Mg, Na, and S, and explored the differences in the concentrations of these elements among different salt-tolerance categories and eco-morphotypes. To do so, and since we only had one value per species, we used oneway ANOVAs with 'salt-tolerance categories' (i.e. eu-halophytes, facultative-halophytes, eury-hygrohalophyte, and pseudo-halophytes) or 'eco-morphotype' (i.e. leaf-succulent, stem-succulent, semisucculent, salt-recreting, and non-succulent) as factors in the analyses. We ran the analyses separately for annual and perennial species. Differences among eco-morphotypes or salt-tolerance groups after ANOVAs were identified by applying the post-hoc Tukey's test (when variances were homogeneous) or the T3-Dunnett test (otherwise) ( Table 4 ).
Finally, differences in the chemical composition of the seven most important taxonomic families in the plant communities studied (with at least four representative species), were examined with RDA. The explanatory matrix was a table with dummy variables representing the 'family' (i.e. Asteraceae, Boraginaceae, Brassicaceae, Caryophyllaceae, Chenopodiaceae, Poaceae, and Plumbaginaceae) while the dependent matrix was the chemical composition of plants for 20 different elements (i.e. the elemental composition of plants) ( Fig. 4 , Table 5 ).
Multivariate analyses were done in R i386 3.3.3 (R Core Team, 2017) using the vegan package (Borcard et al., 2011) . Nutrient data were centered and scaled prior to multivariate analyses by applying the scale function. We selected default scaling (scaling 2) in all analyses, and Ezekiel's adjustment was used to obtain adjusted R 2 coefficients (Borcard et al., 2011) . The statistical significance of RDA models, individual canonical axes, and individual RDA axes was tested using permutations (Borcard et al., 2011) .
PERMANOVA analyses were run with the adonis2 function. Data were checked for normality and homoscedasticity prior to ANOVAs and log-transformed when normality was not met. Univariate simple linear analyses and post hoc tests were done in SPSS 15.0 (SPSS Inc., IBM, New York, USA).
Results

Relationship between the elemental composition of plants and their salt-tolerance categories
According to our RDA analysis, annual eu-halophyte species were strongly positively correlated with high Na, S, Si and, to a lower extent, Mg concentrations and negatively correlated with Ca, K, Cr, Al and N contents, which were higher in pseudo-halophytes and facultative-halophytes ( Fig. 2A ). Pseudohalophytes and facultative-halophytes showed very similar chemical concentrations, clearly separating from eu-halophytes ( Fig. 2A) . In annual plants, the 'salt-tolerant category' factor explained 16% of total adjusted variance and was highly significant (P < 0.001, adjusted R 2 = 0.16, F = 6.21). In the case of perennial species, the separation among groups was less sharp. Eu-halophytes correlated primarily with high foliar concentrations of Na, S, Mg and, to a lower extent, Ca. Eury-hygro-halophytes, only represented by perennial plants in this study, showed low Ca, Mg, S and Na contents, while facultativehalophytes were related to high N and K concentrations (Fig. 2B ). The RDA analysis on perennials was also highly significant (P < 0.001, adjusted R 2 =0.15, F = 4.04) and explained 13% of the total adjusted variance.
Results of PERMANOVA showed that all the factors included in the model (model 1) were significant ( Table 3 ). The factor that explained a larger proportion of the total variance was the taxomomic family (25.1 %) followed by the salt tolerance categories, site and the life history (perennial vs. annual). The interaction between the life history and salt tolerance categories was also significant, indicating a different chemical composition of salt tolerance categories in annuals vs. perennial species, as illustrated by the RDA results. According to permutation tests, the first and, in perennials, also the second axis of RDA plots (Fig. 2 ) were significant (P < 0.001 for annuals, and P < 0.01, P < 0.01 for RDA1 and RDA2, respectively, in perennials). Our analyses indicated that the chemical composition of plants was also affected by the site of collection (Table 3 ). RDA analyses showed that the effect of sites on leaf chemical composition was mainly driven by site U5, located in Lake Urmia, with high concentrations of metals including Ni, Fe, Cr, Al, Ti and V (Fig. A.2 ). This site demarcated from the rest of sites along the first axis of the RDA plot, which was the only significant axis after permutation tests (P < 0.001).
ANOVAs rendered similar results to RDAs, with eu-halophytes showing significantly higher Na concentrations than the rest of salt-tolerance groups both in annual and perennial species (Table 4 ) and a trend for higher S (only significant in relation to eury-hygro-halophytes in perennials and facultativehalophytes in annuals, Table 4 ). Annual eu-halophytes showed significantly lower Ca concentrations than the rest of groups and lower K than pseudo-halophytes, while in perennials the lowest Ca concentrations were observed in eury-hygro-halophytes and differences for K was not significant among groups (Table   4 ).
Relationship between the elemental composition of plants and their eco-morphotypes
The elemental composition of leaf-and stem-succulent plants was clearly different to that of nonsucculent and semi-succulent species, particularly in annual species (Fig. 3 ). According to the RDA analyses, succulent plants showed high foliar Na concentrations and, to a lower extent, also high S, Mg and Si leaf contents in annual species (Fig. 3A ). This analysis was highly significant (P < 0.001, adjusted R 2 = 0.17, F = 4.57) and, in the case of annuals explained 16% of the total adjusted variance. The RDA analysis on perennials explained 17% of the total adjusted variance and was also highly significant (P < 0.001, adjusted R 2 =0.18, F = 3.93). In perennial species, stem-succulent, salt-recreting plants (a group not represented among annuals in our study) and some leaf-succulent plants, correlated with high foliar Na concentrations, while a second group of leaf-succulents got closer to semi-succulents and displayed high S, Mg and Ca contents ( Fig. 3B ). Both in annual and perennial species, non-succulent plants showed very similar chemical composition, being related to lower Na, Mg and S, and a tendency for higher N and K (in the case of annuals also higher Ca) contents in their leaves (Fig. 3) . In perennials, non-succulent and semi-succulent plants also showed a correlation with higher leaf P and Cu concentrations ( Fig. 3B ).
According to PERMANOVA, the life history of plants and the eco-morphotypes had a significant effect on the chemical composition of plants, but their interaction was not significant, indicating similar trends among eco-morphotypes both in annual and perennial species (Table 3 ). This analysis indicated that the effect of the taxonomic family explained 21.7% of the total variance, and this effect was significant (Table 3) . Also "site" had a significant effect on the chemical composition of plants, explaining 12.2 % of the total variance, an effect that, as indicated above, can be mainly attributed to the atypical chemical composition of site U5 (Fig. A.2) . RDA axes were also highly significant both in annuals and perennials (P < 0.001 for the first axis in annuals, and P < 0.001, P < 0.01 for RDA 1 and RDA2, respectively in perennials).
In general terms, results from the ANOVAs agreed with multivariate analyses, with succulent plants clearly separating from the rest owing to their higher Na concentrations, followed (in the case of perennials) by salt-recreting species (Table 4) . Annual leaf-succulent species also showed higher S and lower Ca concentrations than non-succulent plants (Table 4 ). Nevertheless, differences among ecomorphotypes were not significant for their K concentrations, neither in annuals nor in perennial species. Also, differences in the Ca concentrations of different eco-morphotypes were not significant in perennial species (Table 4 ).
Differences in the elemental composition between taxonomic groups
Our RDA analyses showed clear differences in the chemical composition of the leaves of the seven main taxonomical families analyzed. The 'taxonomic family' explained 21% of the total adjusted variance and was highly significant (P < 0.001, adjusted R 2 = 0.27, F = 5.41). Results of PERMANOVAs confirmed the relevance of the taxonomic family in the elemental composition of plants, with family being the factor explaining a larger percentage of the total variance (Table 3 ). Based on permutation results the two first axis of RDA plots were highly significant (P < 0.001, P < 0.001, for the first and second axis, respectively).
Chenopodiaceae, the family with more representatives of eu-halophytes and with large number of succulent species, strongly and positively correlated with Na concentrations. Similarly, Plumbaginaceae, which includes several salt-recreting halophytes, correlated with high Na concentrations, while Poaceae showed the opposite trend, displaying the lowest Na concentrations ( Fig. 4 , Table 5 , Table A .1). Both Chenopodiaceae and Plumbaginaceae showed similar positive correlations with Mg and S contents. The highest foliar Na and S concentrations were recorded in the chenopod Halocharis sulphurea (192.1 and 49.9 mg g -1 for Na and S, respectively), while the lowest values belonged to Stipa hohenackeriana (0.3 and 1.1 mg g -1 for Na and S, respectively), a member of the Poaceae (Table A. 
1). Members of
Caryophyllales showed a tendency for high S concentrations, with 6 species of the order being amongst those with higher S contents. The species with largest Mg concentration was the chenopod Petrosimonia glauca (20.5 mg g -1 ), while Stipa hohenackeriana showed the lowest values (0.4 mg g -1 ). On the other hand Brassicaceae, Boraginaceae and Caryophyllaceae were correlated with high foliar Ca, N, Fe and P, the latter showing also high K contents ( Fig. 4 , Table 5 , Table A .1). Indeed, the Caryophyllaceae Holosteum umbellatum was the species with highest foliar K concentrations (67.6 mg g -1 ), while the lowest K content was found in the salt-recreting member of the Plumbaginaceae Limonium axillare (4.2 mg g -1 ). Other salt-recreting species from the Tamaricaceae and Frankeniaceae showed similarly low K contents ( Table 5, Table A .1). Arnebia decumbens, a member of the Boraginaceae, was the species with the highest foliar Ca contents (69.9 mg g -1 ), while the lowest value was displayed by Juncus heldreichianus (1.9 mg g -1 ), a member of the Juncaceae, followed by several other Poaceae and Monocots with similarly low foliar Ca concentrations ( Table 5, Table A .1).
Discussion
Results of the present study indicate that the elemental composition of halophytes and pseudohalophytes is related to salt-tolerance categories, eco-morphological types and their respective taxonomic groups. This relationship is mainly driven by elements directly related to salinity, such as Na, S, Mg, K, and Ca.
Our results also show a significant effect of sampling sites on the chemical composition of plants.
Such effects are mainly related to the atypical composition of site U5, located in the eastern side of Lake Urmia, and which showed high concentrations of various metals. Such unusual composition can be explained by the erosion of granite rocks in the north west of this lake, as described in Sharifi et al., (2018) .
Sodium is the main element of succulent and salt-recreting eu-halophytes
Sodium is not an essential element for most plant species, but it is necessary for osmotic adjustment and the maintenance of optimum growth in halophytes (Albert, 1982; Subbarao et al., 2003) .
Our results indicate that both annual and perennial eu-halophytes have high Na concentrations in their leaves (Fig. 2 ). Most of these plants are succulents and salt-recreting plants (Table 2) . Contrastingly, Na content was clearly reduced in facultative-and pseudo-halophytes, and also in eury-hygro-halophytic monocots, which include non-succulent or semi-succulent species (Fig. 2, Fig. 3 , Table 2 ). In facultativehalophytes, Na is not an essential element (Al-Ani et al., 1971) , and also eury-hygro-halophytes can optimally grow in inundated soils with low salinity (Ogburn and Edwards, 2010) . These species are not specialized in using Na for osmoregulation, and excessive Na can disturb their elemental composition homeostasis (Kudo et al., 2010) . Some eury-hygro-halophytes species, like Phragmites australis, can transport Na absorbed by upward stream back to the roots, keeping low Na concentrations in the shoots and high Na in the root vacuoles (Fujimaki et al., 2015; Matsushita and Matoh, 1992; Takahashi et al., 2007; Vasquez et al., 2006) .
Contrastingly, eu-halophytes have the ability to retain high Na concentrations in the shoots via Na compartmentalization in the leaf cells vacuoles (such as the succulents Salicornia and Suaeda species) or by withdrawing it from cells by glands and bladders (in the case of salt-recreting halophytes like Atriplex species) (Belkheiri and Mulas, 2013; Flowers and Colmer, 2015; Flowers et al., 1977; Grattan and Grieve, 1992; Khan et al., 2000a, b; Milić et al., 2013; Mozafar and Goodin, 1970; Naidoo, 1994; Parida and Das, 2005; Rozema et al., 1985) . Generally, the main metabolic roles of Na in halophytes is still unknown (Kudo et al., 2010) , but this element is known to serve as an essential nutrient in halophytes, particularly in C 4 plants (Al-Ani et al., 1971; Gerloff, 1963) . For example in the C 4 plant Atriplex vesicaria, Na has been found to serve as an essential micronutrient for the regeneration of phosphoenolpyruvate (Al-Ani et al., 1971; Brownell and Crossland, 1972; Mori et al., 2010) . It is documented that Na (in the vacuoles) associated with compatible solute (e.g. proline, manitol, sorbitol, etc. in cytoplasm) could contribute to the osmotic adjustment in eu-halophytes (the succulent and recreting-halophytes), as reported in some mangrove trees; Aegialitis annulata and Avicennia marina (Popp and Polania, 1989; Zhu et al., 2011) . Furthermore the physiological role of Na in succulent euhalophytes could be related to Na + /H + antiporter activity; which is involved in Na compartmentalization in vacuoles for osmoregulation (Abdelly et al., 2008; Al-Ani et al., 1971; Barakat et al., 2014; Flowers et al., 2014; Hassine et al., 2008; Khan et al., 2000b; Kudo et al., 2010; Mori et al., 2010; Taleahmad et al., 2013) . Consequently, in succulent eu-halophytes, water associated with inorganic ions is accumulated in photosynthetic tissues in leaves or assimilating stem leading to succulence (Khan et al., 2005; Naz et al., 2013; Ogburn and Edwards, 2010; Zoerb et al., 2013) . In salt-recreting halophytes the salt bladders / glands reduce Na contents by removing it from the tissues to minimize cell toxicity (Dassanayake and Larkin, 2017a; Mozafar and Goodin, 1970) . Also Na accumulated in salt bladders serves to keep the ionic balance and minimize harmful effects of salt on key metabolic enzyme activities, like the ATPase (Naidoo and Naidoo, 1998) . Bladders may collapse with increasing leaf age, being dropped, washed by rain, or remaining on the leaf surface, which may create an additional protection against high radiation (Mozafar and Goodin, 1970; Schirmer and Breckle, 1982) . This may explain why we observed slightly lower Na concentration in the leaves of salt recreting halophytes than in succulent species.
High sulfur and magnesium concentrations are associated with annual and some perennial euhalophytes
Our results indicate that most annual eu-halophytes and also an important proportion of perennial eu-halophytes, showed high foliar S and Mg concentrations (Fig. 2) . In saline environments, evaporitic minerals such as magnesium sulfate or gypsum (di-hydrated calcium sulfate) occur frequently in combination with halite (Pérez-López et al., 2011) . Under such circumstances, halophytes may be exposed to high S and Mg concentrations in the soil. Iran has a remarkable extension of gypsum and sodium sulfate-rich soils, and is host to the highest known diversity of gypsophiles in the Old World (Akhani, 2006; Pérez-García et al., 2018) . Consequently, it is not surprising that some of the sites studied were S-and Mg-rich (Table A. 2). Among perennial species, high S concentrations were observed in some leaf-succulents, and also in salt-recreting halophytes (like Tamarix) and some semi-succulent species, such as Grantia aucheri, Saussurea salsa or Lepidium cartilagineum (Fig. 3B , Table A .1). Similarly, high foliar S concentrations were reported in gypsum endemic plants displaying succulent or semi-succulent leaves (Duvigneaud and Smet, 1968, Merlo et al. 2019) . Sulfur is an essential macronutrient occurring in the structure of some key molecules, like amino acids (cystine, cysteine, and methionine), cofactors and vitamins. Sulfur plays also a fundamental role as a signaling molecule in environmental interactions and, therefore, could improve the salinity tolerance by mediating some important physiological and molecular mechanisms (Miura, 2013) .
Sulfate accumulation along with other elements (Na and Mg) in leaves of halophytes plays an important role in osmotic regulation and water uptake in saline soils (Duvigneaud and Smet, 1968; Taleahmad et al., 2013) . High Mg concentrations have been reported in plants from extreme saline habitats. For example, the Mg concentration in xerophytic monocotyledons and some halophytic chenopods has been shown to reach similar levels to Na concentration (Albert and Popp, 1977; Matinzadeh et al., 2013) . Maintaining a high amount of Mg associated with Na in the leaves of perennial eu-halophytes may be essential for their osmotic regulation (Al-Ani et al., 1971) . Also high leaf Mg concentrations may be essential under high Na availability, owing to its role in membrane transport, protein translation, and its function in essential enzyme activity such as a cofactor for tonoplast ATPases (Donovan et al., 1997; Flowers and Colmer, 2015) . In addition, in high saline condition associated with low Ca concentration in the cytoplasm, Mg could be act as alkali ion in cell stability mechanisms, owing to its strong lyotropic effect on cytoplasm colloids (Albert and Popp, 1977) .
Sodium could replace potassium in metabolic processes of eu-halophytes
According to our results, K concentrations of eu-halophytes were lower than the rest of groups analyzed, particularly in annual species (Fig. 2, Table 4 ). Previous studies have shown similarly high Na and reduced K concentrations in halophytes (Grattan and Grieve, 1992; Gulzar et al., 2003; Kachout et al., 2011; Noaman, 2004; Parida and Das, 2005; Taleahmad et al., 2013) . Potassium is an essential macronutrient in plant cells, with a key role in many important physiological processes, such as the regulation of stomatal functions, or the adjustment of cell water potential (Noaman, 2004; White and Karley, 2010) . Furthermore, this element plays an important role in protein synthesis (Gulzar et al., 2003) , Na compartmentalization in vacuoles and in maintaining plasma membrane integrity (Percey et al., 2016; Redondo-Gómez et al., 2007) . However, owing to their similar chemical properties, Na and K may compete for their respective membrane transport systems (Bange, 1959; Taleahmad et al., 2013) . In saline soils, the high Na concentration can saturate the binding sites leading to a reduced K uptake (Taleahmad et al., 2013) . Plants specifically adapted to saline environments such as Suaeda maritima (Flowers et al., 1977) and Sarcobatus vermiculatus (Donovan et al., 1997) can replace K by Na for the development of some key metabolic functions (Flowers and Colmer, 2008; Noaman, 2004) . Also, Na was found to play a strong osmotic regulation role in detriment of K in Atriplex canescens under high salinity (Glenn et al., 1996; Grattan and Grieve, 1992; Hammou et al., 2014) . Indeed, it has been suggested that halophytes tend to keep low cation balances: ([K + ]+[Ca 2+ ]+[Mg 2+ ]) ⁄ [Na + ], while this ratio may be higher in glycophytes (Kudo et al., 2010) .
Most annual succulent eu-halophytes show low Ca concentrations
Calcium is an essential element in plants. Cytosolic Ca concentration can regulate ion transport across the plasma membrane via its role in the integrity of the cell wall and cellular membranes (White, 2015) . Also Ca could play a role as a signaling molecule for Na + /H + antiporter to Na compartmentation in vacuoles (Blumwald, 2000) . Furthermore Ca is involved in salt toxicity alleviation by control the Na influx through a voltage-insensitive monovalent channel in the root membrane, which can inhibit Na entry into the roots (Donovan et al., 1997; Grattan and Grieve, 1992; White, 1999) . However, we observed low Ca concentrations in most annual succulent eu-halophytes, while Ca concentrations tended to be higher in annual pseudo-halophytes and facultative-halophytes (Fig. 2, Table 4 ). These trends were not so clearly seen in perennial species, where several succulent and semi-succulent plants showed high Ca concentrations (potentially the same species that showed a tendency to accumulate S and could be growing on gypsum-rich soils). Our findings for annual plants are in agreement with several previous reports on the incompatibility of Ca and Na in plant cells under salt stress (Grattan and Grieve, 1992; Kachout et al., 2011; Krüger and Peinemann, 1996; Naidoo, 1994; Tipirdamaz et al., 2006) . Furthermore it may be explained by the lower selectivity of Ca under high Na by transport systems and the ability of pseudo-halophytes and facultative-halophytes to favor Ca and avoid Na uptake when growing in saline environments (Albert and Popp, 1977; Grattan and Grieve, 1992; Kudo et al., 2010) .
The elemental composition of plants is linked to their phylogeny
This study covers 108 species belonging to 80 genera and 30 families of angiosperms growing in salt marshes and surrounding low salinity soils. Although some clear patterns could be identified in relation to the eco-morphotypes and the salt-tolerance categories of plants, independently of their taxonomic origin, our study showed that there is a strong phylogenetic imprint in the chemical composition of plants. Previous studies have reached similar conclusions, pointing at the relevance of the assimilating elemental composition for the understanding of phylogenetic relationships in angiosperms (Neugebauer et al., 2018) .
The order Caryophyllales, which includes 38% of the species studied, shows a high prevalence in saline ecosystems of the Irano-Turanian floristic region. Many species of Caryophyllales are adapted to extreme environments such as high saline soils, and the order represents the most species-rich group of C 4 plants among dicots (Akhani et al., 1997; Hernández-Ledesma et al., 2015; Sage et al., 2011) . The present study shows that Na and Mg accumulation is particularly prevalent in certain families of Caryophyllales, namely Chenopodiaceae and Plumbaginaceae (Fig. 4) . Such accumulation seems directly related to specific morphological characters among different genera of Caryophyllales which causes the greater accumulation of Mg and Na in their vacuoles (Milić et al., 2013; White et al., 2015) . In our study, all succulent chenopods have the highest Na values recorded (Table A .1). These results are in agreement with previous studies documenting the ability of Caryophyllales to selectively accumulate higher amounts of Na and Mg, both under controlled (Broadley et al., 2004; Neugebauer et al., 2018; White et al., 2018) and natural conditions (Albert and Popp, 1977; Breckle, 1975; Matinzadeh et al., 2013; Veste et al., 2008) than other angiosperm species (White et al., 2018) . The ability to accumulate Na observed in several halophytic and non-halophytic species of Caryophyllales in Aizoaceae, Cactaceae, Portulacaceae, Chenopodiaceae, Tamaricaceae and Polygonaceae seems to have appeared several times throughout evolution (Neugebauer et al., 2018; White et al., 2017) and could be related to the important role of Na in osmotic adjustment instead of K, when K concentrations are low (such as in saline environments). These evolutionary changes may be closely related to several other adaptive traits, such as the formation of succulent tissues (Nyffeler et al., 2008) , the acquisition of C 4 or CAM photosynthesis (Akhani and Ghasemkhani, 2007; Akhani et al., 1997; Edwards and Ogburn, 2012; Sage et al., 2011) , or the presence of salt trichomes and chalk glands (Dassanayake and Larkin, 2017b), which help these families to successfully dominate extreme saline and dry environments. On the other hand, high Mg concentrations occur almost in all Caryophyllales families and are supposed to have evolved from a common old ancestor (Neugebauer et al., 2018; White et al., 2015) . Within Caryophyllales, studied members of the Caryophyllaceae showed high foliar K concentrations (Fig. 4) , something that was previously reported for this order compared to many other eudicot orders (Broadley et al., 2004) , and also for some members of the family, like Stellaria media Chandra and Rewat 2015).
Monocots comprised 16% of our studied species and they characterized by having low Na, K and Ca concentrations (Fig. 4 ). Commelinid monocots (e.g. Poaceae, Cyperaceae, and Juncaceae) are characterized by less Mg, Ca and Na concentrations in their leaves than other angiosperm species, and therefore have been classified as Na excluder groups (Albert and Kinzel, 1973; Broadley et al., 2004; Neugebauer et al., 2018; White et al., 2018) . The Na/K ratio in these families is commonly less than 1, differently to other angiosperm families (Albert and Popp, 1977; White et al., 2017) , indicating a clear phylogenetic signal in one of the most widespread angiosperm plants (Edwards et al., 2010; Stromberg, 2011) . The low Na accumulation in halophytic grasses is of high practical importance for agriculture in saline arid lands. For example, field observations in many saline habitats in Iran showed that Puccinellia bulbosa and P. distans might be very good candidates for saline agriculture in many salinized soils (Dashtebani et al., 2014; Liu et al., 2012) , an assertion that is supported by our results of low Na contents in this species (Table A. The order Brassicales, which includes 13% of the species in this study, is characterized by high Ca, N and S concentrations (Fig. 4, Table 5 ); the later considered a phylogenetic signal in this order (Albert and Kinzel, 1973; Neugebauer et al., 2018) . The high S in the Brassicales genera and some Malvales species seems to have evolved separately to the other orders in Malvids (Neugebauer et al., 2018) . In addition, Brassicales but not Malvales and Sapindales species not only can accumulate S as glucosinolates in their cells (Neugebauer et al., 2018) but also high concentration of S as SO 4 2was reported in their cells (Albert and Kinzel, 1973 Regarding Asterids, our results indicated that the monotypic order Boraginales, with 5 species included in this study, showed a remarkable ability to accumulate Ca (Fig. 4, Table A.1) . This order is well known for having a dense indumentum of hairs with a basal cystolith and often calcified or silicified walls (Gal et al., 2012; Judd et al., 2015) . Silica, calcium carbonate and, more recently, also calcium phosphate, have been described as common mineral deposits in the trichomes of these species (Mustafa et al., 2018) . This order is also known to produce abundant Ca deposits in the cell wall (Kinzel, 1989) . In the remaining Asterid families the obtained results are inconclusive, mainly because they are based on fewer species, sometimes distinctly related (such as in Asteraceae) (Table A .1). Additional sampling is required to better understand the elemental composition of these lineages.
Conclusion
There is a strong relationship between the elemental composition of plants growing on saline soils and the categories of salt-tolerance and eco-morphotypes analysed. Two distinct groups can be identified after our analysis: the eu-halophytes, with succulent assimilating organs or salt-recreting glands; and the pseudo-halophytes, facultative-halophytes, and eury-hygro-halophytes with non-succulent or semisucculent leaves. The first group is characterized by high Na, S, and Mg and low K concentrations in their leaves; while the second relates to low Na, S, and Mg along with high concentrations of K in their leaves.
The high accumulation of Na, S, and Mg in eu-halophytes may be related to the role in osmotic adjustment played by these cations, while the low concentration of K (and, in the case of annual succulents also Ca) could be related to preventing incompatible effects of these elements with Na in the cells cytoplasm. The low concentration of Na in the leaves of the second group may be related to the inability of these plants to compartmentalize Na in their vacuoles and prevent Na toxicity in the cytoplasm. In addition, their high K concentrations may be due to the very important roles of this element as an essential macronutrient in these less salt-tolerant plants. Our study has shown that the plant elemental composition is strongly constrained phylogenetically, and similar patterns are observed in closely related plants, even when grown in different environments.
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All four authors discussed the results and wrote the manuscript. Flowers, T., Hajibagheri, M., Clipson, N., 1986. Halophytes. Q Rev Biol 61, 313-337. https://doi.org/10.1086/415032. Naidoo, G., Naidoo, Y., 1998 . Salt tolerance in Sporobolus virginicus: the importance of ion relations and salt secretion. Flora 193, 337-344. https://doi.org/10.1016 /S0367-2530 (17)30859-9. Naz, N., Hameed, M., Nawaz, T., Aqeel Ahmad, M.S., Ashraf, M., 2013 Conductivity (EC mS/cm), Calcium (Ca mg g -1 ), Potassium (K mg g -1 ), Magnesium (Mg mg g -1 ), Sodium 4 (Na mg g -1 ), Sulfur (S mg g -1 ), and Gypsum (Gyp %) of soil samples from every sites ± SE are shown. 8.9 ± 0.1 0.9 ± 0.4 276.1 ± 62.3 3.6 ± 4.4 10.5 ± 3 3 ± 0.7 5.1 ± 2.9 20.7 ± 2.7 U6 9 ± 0.1 1 ± 0.6 120.6 ± 12.4 6.6 ± 1.3 12.1 ± 2.6 8.1 ± 5.8 1.4 ± 0.5 13.4 ± 5.7 U7 8.3 ± 0.04 4.9 ± 5 59.4 ± 1.3 25.2 ± 0.5 37.2 ± 1.4 8.6 ± 0.4 2.9 ± 0.6 73.7 ± 2.7 U8 8.8 ± 0.03 14.9 ± 2 49.2 ± 1.9 10 ± 0.5 34 ± 0.9 21.5 ± 3.2 3 ± 0.6 31 ± 1.8 M 8.2 ± 0.1 2.9 ± 0.3 74.4 ± 4.1 13.6 ± 1.5 56 ± 5.2 2.5 ± 0.6 37.1 ± 3.5 65.4 ± 1.9 K 8.6 ± 0.02 10.5 ± 0.3 178.7 ± 3.2 8 ± 0.2 50.2 ± 0.7 12.8 ± 0.4 1.7 ± 0.02 45.4 ± 0.3 N1 9.5 ± 0.1 1.8 ± 0.9 375.5 ± 2.1 0.4 ± 0.04 15 ± 0.5 3 ± 0.8 1.5 ± 0.2 2.4 ± 0.1 N2 8.1 ± 0.02 1.5 ± 0.4 177.8 ± 6.1 7.6 ± 0.1 37.5 ± 0.3 1.4 ± 0.3 1 ± 0.4 27.2 ± 1.7 N3 8.4 ± 0.2 6.1 ± 1.5 252.9 ± 11 2.7 ± 0.5 17.8 ± 1.8 4.7 ± 1.4 52.1 ± 21.6 46 ± 7.9 N4 8.3 ± 0.1 3.4 ± 0.7 276.4 ± 5.3 3.3 ± 0.1 22.8 ± 0.2 2.4 ± 0.5 5.1 ± 1.4 29.6 ± 2.8 N5 8.4 ± 0.1 3.5 ± 1.5 242.3 ± 2 3.1 ± 0.2 32.8 ± 0.5 2.7 ± 1.1 1.9 ± 0.7 21.5 ± 1.8
The soil salinity varies from site to site due to existing hydrological conditions and the time of sampling. 6 The sites around Lake Urmia (U1 to U8) are moderate to high saline with EC falls between 0.88 (U5) to 7 14.86 (U8) mS/cm, depending on sampling time, leaching and distance from the lake. The highest 8 measured EC was observed near to Soulduz wetland (U8). The soil samples from Khore Musa (K) are 9 inundated by saline water of Persian Gulf tides, so its soil is shown very high EC above 10.4 mS/cm. 10 Nayband (N1 to N5) soil samples are saline with EC falls between 1.49 to 6.06 mS/cm. The low EC of 11 the soil upper surface in this area is largely affected by the presence of a high amount of sand on the 12 shoreline and probably leaching of sands during winter. 
